Introduction
Quantum dot (QD), also called artificial atom, is a semiconductor nanocrystal with the size on the order of a few nanometers. By modifying its composition, size and shape, its density of electronic states can be engineered and thus many physical properties can be widely and easily adjusted. Strong quantum confinement of electronic carriers at nanometer scale makes band-gap and luminescence energies size and shape dependent. These dots have now been widely employed as targeted fluorescent labels for biomedical applications. Zinc oxide (ZnO) is a wide-band-gap semiconductor that presents interesting luminescent properties, which are seen in the recent demonstration of ultraviolet lasing from nanowires. These properties have stimulated the search for new synthetic methodologies for wellcontrolled ZnO nanostructures. However, many applications require the organization of nanoparticles into two-or three-dimensional (2D or 3D) superlattices. This very efficient organization was obtained by physical methods, whereas chemical approaches toward such organizations would also be of interest since they are easy to perform and allow a facile scale-up procedure. For the interest of size dependent physical properties, intensive research has been focused on fabricating ZnO QDs with ultra small size that gives strong quantum confinement. By far, various kinds of synthetic approaches have been realized in fabricating such small ZnO QDs, which can be roughly divided into two categories, chemical and physical. Chemical methods involves sol-gel method, hydrothermal growth, thermal decomposition, electrochemical method, while physical methods involves pulsed laser ablation (PLA or PLD), metalorganic chemical vapor deposition (MOCVD), radio frequency (RF) sputtering, flame spray pyrolysis (FSP) method, vapor phase transport (VPT) deposition, etc.. Chemical process takes advantage of the very exothermic reaction of the organometallic precursor bis(cyclohexyl) zinc with water to produce crystalline zinc oxide on one hand, and on the other hand the kinetic control of the decomposition by using long-alkyl-chain amine ligands. However, if the use of amine ligands allows access to ZnO nanoparticles with low size dispersity, these particles are not monodispersed, and consequently no 2D organization www.intechopen.com was observed. For metal-oxide nanoparticles, a few 2D organizations resulting from particle self-assembly on a surface have been described. ZnO nanoparticles are produced by evaporating the solvent of the reaction solution, a method used in molecular chemistry to form monocrystals. In addition, the synthesis of ZnO nanoparticles is stabilized by combination of amine and acid ligands and their spontaneous organization into 2D ordered superlattices from colloidal solutions. If the synthesis is carried out in similar conditions but in the absence of solvent, a liquid fraction is formed even if the reagents are initially solids. For whatever the proportions of the components, the reaction yields isotropic nanoparticles, in contrast to the long nanorods obtained when only longalkylchain amines are present. This probably results in modification of the self-organization of the ligands. The size of the particles obtained under these conditions is independent of the reaction conditions and similar to those resulting from the reaction in THF, but with greater dispersity. This therefore explains why 2D organizations have been previously obtained only with nanoparticles synthesized in THF (see Figure i) . The fundamental study of electronic properties of ZnO QDs is crucial for developing their future applications in nanoelectronics. Electronic transport measurements have been performed on individual ZnO nanowires and nanorods. Recently, the electroluminscence from 2D ZnO nanocrystals have been reported. Intrinsic optical properties of ZnO QDs are being intensively studied for implementing photonic devices. Photoluminescence (PL) spectra of ZnO QDs have also been extensively reported. In this chapter, we investigate the synthesis and self-assembly of ZnO QDs and attempt to correlate with the optoelectronic properties. The results provide an insight on optoelectronic applications of ZnO QDs.
Synthesis of ZnO QDs
In past decades, zero-dimensional (0D) semiconductor nanocrystals, mainly known as QDs or quantum particles, have attracted much attention due to their potential for investigating the dependence of electronic transport or photoelectron emission properties on dimensionality and size reduction (so-called quantum confinement) [1, 2] . Applications of QDs on biology, photovoltaic devices, solar cells, sensors and QD-LEDs also have gained great interest in their relative research fields [3] [4] [5] [6] [7] . Much effort has been devoted to fabricating and developing compound semiconductor QDs, such as CdSe, CdTe, GaAs, InAs, InP, ZnS and ZnO [8] [9] [10] [11] [12] [13] [14] . A number of synthetic approaches have been used to fabricate those QDs, such as sol-gel [15] , hydrothermal growth [16] , thermal decomposition [17] , pulsed laser ablation [18] , flame spray pyrolysis [19] , etc. [20, 21] . Zinc oxide (ZnO) is a direct band-gap (E g = 3.37eV) semiconductor with an exciton binding energy as large as 60 meV at room temperature. The properties of near UV emission and transparent conduction can be exploited in optoelectronic devices such as solar cells, ultraviolet detectors, blue LEDs and LDs [22, 23] . ZnO is a bio-safe material that can be safely used in biological application such as bio-luminescence and bio-sensors [24, 25] . To make use of the size-dependent physical properties, intensive research has been focusing on fabrication of ZnO QDs with ultra small size (<10nm) for better quantum confinement. By far, various kinds of synthetic approaches have been realized in fabricating such small ZnO QDs, which can be roughly divided into chemical methods and physical methods. Chemical methods involves sol-gel method [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , hydrothermal growth [41] [42] [43] [44] , thermal decomposition [45] [46] [47] [48] [49] [50] , electrochemical method [51] [52] [53] [54] , while physical methods involves PLA or PLD [55] [56] [57] [58] [59] , MOCVD [60] [61] [62] [63] , sputtering [64] [65] [66] , FSP method [67] [68] [69] [70] and VPT deposition [71, 72] . At present, all the methods can be divided into two parts as follow:
Chemical methods on synthesis of ZnO QDs
1. Sol-gel method Sol-gel method, one of the widely used wet chemical methods in synthesizing various nanomaterials [15, [73] [74] [75] , has been used for fabrication of ZnO QDs [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Among a number of reports on fabrication of ZnO QDs over the past decades, sol-gel method was the mostly used one due to its simplicity and cheapness. In this method, neither expensive equipments nor harsh conditions are needed. Tokumoto et al and many other research www.intechopen.com groups have reported synthesis ZnO QDs at low temperature, i.e., less than 80 0 C [27] [28] [29] [30] [31] [32] . Meulenkamp has reported a synthetic process with the highest temperature at only room temperature to make as-prepared ZnO QDs at a size of 3-6nm [29] . In typical preparation of ZnO QDs, zinc acetate dehydrate (Zn(CH 3 COO) 2 ·2H 2 O) or purity zinc acetate (Zn(CH 3 COO) 2 ) was mostly chosen as Zn precursor, while it is much more flexible to choose other reagents as oxygen source, such as lithium hydroxide (LiOH) [4] [5] [6] [7] [8] , sodium hydroxide (NaOH) [9] [10] [11] [12] [13] , Monoethanolamine (MEA) [14, 15] , Diethylene Glycol (99.5% DEG, ethylenediamine-tetra-acetic acid (EDTA)) [16, 17] , Triethanolamine (TEA) [18] and water [19, 20] . Various alcohols like ethanol [4-8,12,14,] , propanol [9] [10] [11] [12] [13] 19, 20] were used as solvents. The procedures of fabricating ZnO QDs are quite simple. Zn precursor and oxygen source were dissolved into alcoholic solvent respectively at a certain temperature with vigorous stirring before cooling down to or below room temperature. Then, these two alcoholic solutions were mixed by adding one solution into the other drop by drop with vigorous stirring at a certain temperature near freezing point. After that, aging or heating was performed to obtain solid ZnO QDs from ZnO sol-gels. Figure 1 shows some TEM images of ZnO QDs prepared by Yadav et al [28] . The size of as-prepared ZnO QDs is arranged from 1nm to 5nm. Some detailed studies showed that the growth kinetics of ZnO QDs from colloidal suspensions follows the Lifshitz-Slyozov-Wagner theory for Ostwald ripening and the radius of as-prepared QDs is directly proportional to growth time [31, 32] . It was also shown that the average size of QDs can be tailored by the concentration of zinc precursor [37] . 2. Hydrothermal growth Solvent-thermal growth method is one of the widely used methods in liquid phase. As reactions were most probably occurred in aqueous solution, solvent-thermal growth method was well known as hydrothermal growth method. It is a simple, reliable and effective www.intechopen.com method in synthesizing nanomaterials with different shapes under low supersaturation and mild conditions [16, [76] [77] [78] . ZnO QDs [41] [42] [43] as well as other nanostructures, such as nanowires, nanorods, nanotubes and other special shapes [79] [80] [81] [82] [83] , has been fabricated using hydrothermal growth method. Hu et al [41] has reported fabrication of ZnO QDs with an average size of 3.5nm and good monodispersion (figure 2). In a typical synthesis procedure, both inorganic zinc salts, such as ZnCl 2 [41, 42] , ZnSO 4 [43] , and organic zinc salts like Zn(CH 3 COO) 2 ·2H 2 O [44] were used as zinc source, while NaOH [41, 42, 44] and KOH [43] were used as oxygen source. Both alcohol (ethanol [41, 42] and methanol [44] ) and deionized water [41] [42] [43] could be used as solvent. Zinc salts were firstly dissolved in solvent with ultrasonic vibration and the same treatment was done for the alkali metal hydroxides at room temperature. After mixing those two prepared solutions by stirring, the final solution was transferred to a sealed autoclave and heated at relatively high temperature for hours. After centrifugation of the solution, ZnO QDs was obtained by washing with deionized water and alcohol as well as drying in the air. Different from sol-gel method, sealed autoclaves were used to get high pressure and higher temperature was needed in hydrothermal growth process. The introduction of high pressure and high temperature accelerated the processes of synthesis. Therefore, less time was needed compare to the long time procedure of sol-gel process. 3. Thermal decomposition Thermal decomposition method, based on decomposition of metal salts or metal oxides through heating, is theoretically and experimentally simple. To the best of our knowledge, there have been many metal oxides nanoparticles, such as Fe 2 O 3 , NiO, Co 3 O 4 and ZnO [84] [85] [86] [87] , synthesized via thermal decomposition method. However, there are not many reports on synthesizing ZnO quantum dots with ultra small size [45] [46] [47] [48] [49] [50] . Fabrication of ZnO QDs with an average size of 1-10nm by decomposing zinc salts have reported by Cozzoli et al ( Figure 3 ) [47] . The thermal decomposition of ZnO precursors could be taken place either in liquid or air environments. As for synthesis taken place in liquid environment, high temperature resistance solvents were needed, such as n-hexadecylamine (HDA), n-dodecylamine (DDA), tri-n-octylamine (TOA), 1-hexadecanol (HD), 1-octadecene (OD) and purified mineral oil [45] [46] [47] , and Zn(CH 3 COO) 2 ·2H 2 O was used as precursors. Before putting Zn source into solvents, it was firstly dissolved in water or oleic acid (OA). The mixture was then heated up to a certain high temperature with stirring and kept for hours. After that, ZnO QDs were obtained by filtering, washing and drying. For synthesis taken place in air environment, instable zinc salts or instable zinc oxides were synthesized in solution or in air first [48] [49] [50] . After filtering and washing precipitation formed by mixing zinc source and oxygen source, as-obtained precursors of ZnO QDs were heated in air for hours until decomposition was completed. 4. Electrochemical growth method Electrochemical growth method is a novel and simple method to fabricate ZnO QDs. Only a few reports have been shown up on it. Mahamuni and co-workers [51] [52] [53] [54] have reported a lot of their work on synthesizing ZnO QDs using electrochemical growth method. Figure 4 shows TEM images of as-prepared ZnO QDs with average sizes of 6.1nm and 9.3nm [51] . In typical preparation of ZnO QDs, an electrochemical bath consisted of a mixture of acetonitrile, tetrahydrofuran (THF) and tetra-octyl-ammonium-bromide (TOAB). Metal zinc served as a sacrificial anode while platinum served as cathode. Electrolysis was taken for a few hours in constant current mode in oxygen ambient at room temperature. ZnO QDs deposited at the bottom of the electrochemical bath and then, were obtained after centrifugation. Compared with most of other chemical methods for synthesis of ZnO QDs using OH-ion solution as the reagent, electrochemical growth method can effectively prevent ZnO QDs suffering from OH-ion. Otherwise, it is very easy for ZnO QDs to coat with a Zn(OH) 2 layer to form ZnO/Zn(OH) 2 core/shell QDs or nanoparticles [88, 89] . The properties of ZnO QDs can be strongly influenced by Zn(OH) 2 shell. Electrochemical growth method has provided a novel way to fabricate high quality ZnO QDs. 
Physical methods on synthesis of ZnO QDs

Pulsed laser ablation (PLA or PLD)
Pulsed Laser Ablation is a novel technique to fabricate nanomaterials, which is based on ablating metals or metal compound materials using a laser with high pulsed power, [90] [91] [92] [93] [94] . The whole process can take place in either liquid environment or a vacuum chamber, known as Liquid-phase Pulsed Laser Ablation (LP-PLA or PLA) and Pulsed Laser Deposition (PLD), respectively. Pulsed laser ablation method, which has been proven to be an effective method for fabrication of nano-sized metal QDs, including Au, Ag, Ti and Ni [90, [95] [96] [97] , is also a promising method to fabricate QDs of compound semiconductors, such as FeO, ZnO, CdS and TiO 2 [55, 91, 92, 98] . Ajimsha et al [55] prepared ZnO QDs with an average size of 7nm in various liquid media using PLA method ( Figure 5 ). In preparation of ZnO QDs, third harmonic of Nd:YAG laser (355nm), amplified Ti:Sapphire laser (800nm) and KrF excimer laser (248nm) were usually used. A sintered ZnO bulk or a Zn metal plate was used as the target immersed in different liquid media like deionized water, methanol, and ethanol or in aqueous solutions with different surfactants like sodium dodecyl sulfate (SDS), HCl and NaOH. The target was rotated during the ablation to avoid repeated ablation on the same spot by continuous irradiation of the focused laser beam. ZnO QDs were finally dispersed in the liquid media or solution. PLD was widely used in fabrication of thin film as many reports have been shown up over the last decade [94, 99, 100] . However, it has quite rarely reported fabrication of QDs because of aggregation. Barik et al [58] and Chen et al [59] have realized fabrication of ZnO QDs using PLD method. PLD method is quite similar to PLA method, whereas the only difference is the synthetic environment. Vacuum condition is needed in PLD process. The as-prepared ZnO QDs were finally deposited on the substrate fixed by the target source. Detailed study has demonstrated that the size of as-prepared ZnO QDs was influenced by the deposition time, ambient temperature and laser power.
www.intechopen.com [101] [102] [103] . As nano-sized ZnO has attracted a lot of attention in the past decade, MOCVD also began to be used in fabricating ZnO nanostructures, such as nanowires, nanorods [104, 105] . However, there are not many reports on synthesis of ZnO QDs using MOCVD [60] [61] [62] [63] . Tan et al [60] reported fabrication of ZnO QDs embedded films on Si substrates ( Figure 6 ). Detailed study showed that with increasing substrate temperature, the diameters of QDs were increased with less dispersion.
www.intechopen.com In typical preparation of ZnO QDs, diethylzinc (DEZn) was chosen as the source of zinc, while the source of oxygen can be obtained from different gases, such as nitrous oxide (N 2 O), nitrogen dioxide (NO 2 ) and oxygen (O 2 ). Nitrogen (N 2 ) was mostly employed as the carrier gas. However, most probably, there is a SiO 2 layer on the surface of the Si substrate due to oxidative environment at high temperature. Therefore, as-prepared ZnO QDs may be embedded in the SiO2 layer or deposited on the SiO2/Si substrate. Kim et al [62, 63] reported fabrication of ZnO QDs assisted with focused ion-beam. Nanosized patterns were made on the substrate by focused ion-beam and high aligned ZnO QDs were prepared along the pattern by MOCVD. 3. Radio frequency (RF) sputtering Radio Frequency (RF) Sputtering is an effective method for preparation of thin films [106] [107] [108] . However, reports on preparation of QDs using RF sputtering is quite rare, mainly due to the aggregation of QDs on substrate which leads to form thin films. Recently, ZnO QDs embedded in SiO 2 and SiO x N y films were prepared via RF sputtering method by Peng et al [64, 65] and Ma et al [66] . In the preparation of ZnO QDs, high purity ZnO pieces were fixed at the certain distance from the substrate or directly on the substrate during sputtering. Si or Si 3 N 4 were used as substrates in order to fabricate different ZnO QDs embedded films. The whole sputtering procedure was carried out in a low ambient pressure with a mixture of Ar and O 2 introduced into the chamber. After deposition, SiO 2 or SiO x N y film with ZnO QDs embedded were obtained on the substrates. It was also reported that ZnO QDs embedded SiO 2 films were prepared by annealing ZnO thin films on SiO 2 /Si substrates. The ZnO films were grown on Si substrates at room temperature by RF sputtering [109] . 4 [117] [118] [119] . In the FSP process, the heat generated from fuel combustion was used to decompose the metalorganic precursors. After decomposition, gas-phase metals rapidly react with oxygen to form metal oxide particles.
Over the past decade, Madler et al [68] has successfully fabricated ZnO QDs with diameter about 1.5nm using FSP method. Figure 7 shows HR-TEM images of as-prepared ZnO QDs [68] . In typical preparation, zinc acrylate was chosen as zinc precursor and dissolved in the solvent, a mixture of acetic acid and methanol. As-obtained transparent solution was fed by a glass syringe into the oxygen-assisted atomizer nozzle, and then sprayed into the high temperature reaction zone which was surrounded by supporting flamelets. With the aid of a vacuum pump, the produced QDs were collected on a glass fiber filter. The highest temperature of the flame in the center was estimated to be above 2000K. ZnO was easily obtained from decomposing metalorganic precursors and reacting with oxygen. Liewhiran et al [70] fabricated ZnO QDs with a diameter of 10-20nm which presented high performance in ethanol sensors. Against aggregation, reducing the precursor feed rate helps to decrease the diameter of ZnO QDs [68] .
Vapor phase transport (VPT) deposition
The vapor phase transport (VPT) deposition process which needs very simple equipment has been extremely wide and successful used in fabricating nano-sized compound materials, including CdS, ZnS, ZnO, etc. [120] [121] [122] [123] [124] . The only equipment used in VPT process is a horizontal tube furnace with high-temperature capacity. ZnO nanomaterials have obtained great development via introducing this promising technique. The typical structures, such nanowires, nanorods or array of nanorods and nanobelts, have been realized in the past decade [122, [125] [126] [127] [128] . 0D ZnO nanomaterials have been rarely reported until recently, Lu et al [71, 72] reported fabrication of ZnO QDs with controllable size using VPT process. Figure  8 shows as-prepared ZnO QDs with a diameter around 7nm [71] .
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In typical preparation, Znic acetate dihydrate (Zn(CH 3 COO) 2 ·2H 2 O) was used as the zinc source, while two gases, O 2 and Ar, were input as oxygen source and carrier gas. A one-endsealed quartz tube was used to hold source materials and Si substrates. The whole quartz tube was placed in a sealed horizontal tube furnace. High temperature was needed to decompose metalorganic to vaporize metals and react with oxygen. ZnO QDs were deposited at the low temperature zone where substrates were located. Detailed study has been experimentally demonstrated that smaller size with better dispersion of ZnO QDs could be achieved by reducing the growth time at the highest temperature (Figure 8 ). 
Self-assembly of ordered 2D and 3D superlattices of ZnO QDs
ZnO is a luminescent, wide-band-gap semiconductor material that may find applications in a wide range of domains. However, many applications require the organization of the nanoparticles into two-or three-dimensional (2D or 3D) superlattices. [129] Recently, Bruno Chaudret and co-workers reported a study concerning the conditions governing the formation in solution and the dissolution of superlattices of ZnO QDs in the presence of long-alkyl-chain amines, carboxylic acids, or binary amine/carboxylic acid mixtures. [130] [131] The synthesis of ZnO QDs is carried out by slow hydrolysis in air of a THF solution containing the precursor ZnCy 2 as well as one equivalent of a long-alkyl-chain amine and www.intechopen.com half an equivalent of a long-alkyl-chain acid. Thus, when the reaction mixture was exposed to air and left withstanding room temperature, the solvent slowly evaporated, left with white and luminescent products. 2D organizations were spontaneously obtained by depositing one drop of the colloidal solution onto a carbon coated copper grid. Table 1 summarizes the results obtained under various reaction conditions and Figure 9 illustrates some examples of the materials obtained.
Ligand [ 3D superlattices were obtained through slow evaporation of colloidal THF solutions. The superlattices are not monodisperse in size but display uniform hexagonal shapes. Interestingly, this shape may be related to the intrinsic hexagonal crystallographic structure of ZnO, as previously observed for the organization of iron nanocubes. [132, 133] Figure 10 shows SEM image of small 3D superlattices of 3.1 nm ZnO nanoparticles obtained from HDA and OlA. Larger 3D superlattices may be obtained when crystallization is performed until the quasi-complete evaporation of the solvent. In addition, Chen et al. [134] also reported that highly ordered, free-standing, complex, 2D or 3D nanoparticle superlattice arrays were created by either evaporation-induced selfassembly or precipitation-induced self-assembly from the size- The functionalization of these ZnO nanoparticles by long-chain carboxylic acids or alkylthiols improves the size monodispersivity, and semiconduction properties dramatically. The 2D or 3D self-assembly process is driven by the interfacial energy minimization between polar solvents and the hydrophobic moieties of OLA-ZnO NPs where well-organized, ordered nanoparticle superlattice structures are produced by either evaporation-induced self-assembly (EISA) or precipitation-induced self-assembly (PISA).
ZnO QDs optoelectronic properties and application
The Photoluminescence and Bandgap of ZnO QDs
The photoluminescence (PL) spectrum of the as-prepared ZnO QDs sample reported by Hu et al. [41] , was measured at room-temperature with the excitation at a wavelength of 325 nm, as shown in Figure 12 . A strong UV light emission peak is clearly observed at 362 nm, corresponding to transition energy of 3.42 eV. A remarkable blue shift of 0.16 eV with respect to the gap energy (3.26 eV) of bandedge emission of bulk ZnO crystals is obtained due to the quantum confinement effect in ZnO QDs. [135] The corresponding band-gap energy is larger than the emission peak energy by the excitonic binding energy. Such an enlarged band gap implies a diameter of 3.5 nm of QDs. [136] The ZnO nanodots were assembled into an ITO/ZnO/SiO 2 /Al structure (see Scheme 1) in order to further determine the band alignment of ZnO nanodots on ITO via analysis of I-V characteristics. Figure 13 presents the band diagrams of the ITO/ZnO/SiO 2 /Al structure under the two opposite biases. Due to high barriers in both conduction and valence bands at the Al/SiO 2 interface, electron and hole injections from the SiO 2 end were negligible. This is evidenced by the experimental result that the current ratio of ITO/ZnO/SiO 2 /Al to ITO/SiO 2 /Al is about 100. Figure 14a shows the forward biased I-V characteristics of these www.intechopen.com two structures. Therefore, we can consider unipolar carrier injection in the ITO/ZnO/SiO 2 /Al structure. For sufficiently high bias as illustrated in Figure 13 , holes or electrons may tunnel through the ZnO nanodot layer and contribute an appreciable current that follows the Fowler-Nordheim (FN) tunneling equation [137, 138] where I FN is the current, E is the electric field across oxide, m * is the electron or hole effective mass, e is the electronic charge, is the reduced Planck's constant, and φ is the barrier height. As shown in Figure 14b and c, the FN plots ln(I/E 2 ) vs. 1/E at high electric field show a good linearity as the sign of the FN tunneling mechanism. The slopes of -2×10 10 and -3×10 9 can be determined from the linear regions in forward bias and reverse bias, respectively. Apart from the linear regions, other current injection mechanisms may be dominant, e.g. space charge limited current, etc.. Given effective masses h m * (=0.59m 0 ) and e m * (=0.19m 0 ) for hole and electron, [139, 140] the barrier heights are calculated to be 2.44eV and 1.0 eV, indicating the band alignment of the ZnO nanodots on ITO. The barrier heights sum up to be 3.44eV, which agrees to the value of the band gap of ZnO nanodots derived from the PL test very well. 2. The Electroluminescence of monolayer ZnO nanoparticles Ultraviolet electroluminescence from ZnO nanoparticle-based devices prepared by the drycoating technique has been investigated by Lee et al. This section was developed based on their report [141] . With dry-coating process, the structure of the ZnO nanoparticle monolayer (90 nm) in the device can be easily achieved. The method reduces the density of pinhole defects in the ZnO nanoparticles. In this work, they prepared three types of ZnO EL devices formed with a host polymer, ZnO nanoparticle monolayer, and an electron transporting layer. The following host matrix materials dissolving in chloroform with different concentration are chosen respectively: 0.7 wt % poly(fluorine) (PF), 1 wt % poly(N-vinylcarbazole) (PVK), and 0.7 wt % poly(3-hexylthiophene) (P3HT). For the electron transporting layer, they employed smallmolecular aluminum tris-8-hydroxyquinoline (Alq3). The ZnO nanoparticles were purchased from Aldrich. The device structure is ITO/host matrix/ZnO nanoparticles (monolayer)/Alq3/Al. The schematic of the device structure is shown in Figure 15a . In order to get the optimized filmforming property, the different host matrixes have the different thickness by different spincoating condition (PF: 200 nm, PVK: 900 nm, and P3HT: 110 nm). These samples are baked at 170 °C (device I), 170 °C (device II), and 120 °C (device III) for 2 h individually. In addition, in order to reduce the density off pinhole defects in ZnO nanopaeticles, the drycoating technique is used for development of the ZnO nanoparticels monolayer. During the dry-coating process, the ZnO nanoparticles are adsorbed on the host matrix using ZnO nanoparticle smog during dry-coating process. The ZnO nanoparticle smog is making by homemade nanosmog-making machine, as shown schematically in Figure 15b . The EL characteristics of the ZnO nanoparticle devices are also measured. Figure 16a shows the EL spectra of the three kinds of the ZnO nanoparticle devices under forward bias of 9 V. For the device with PF (device I, curve a), the EL spectrum shows a strong ZnO band-gap emission peak at 380 nm with the broad background emission from PF. The full width at half maximum of the spectrum is 100 nm. For the device with PVK (device II, curve b), it shows a broadband spectrum from 380 to 700 nm, which are the characteristics of the emissions of the ZnO nanoparticles (380 nm) and PVK (553 nm). The emissions indicate that the radiative recombination occurs in the ZnO nanoparticles and at the host matrix/Alq3
www.intechopen.com interface. For the device with P3HT (device III, curve c) at the same forward bias of 9 V, it also has a peak around 380 nm contributed from ZnO. To investigate the origin of the EL band, PL spectra of host matrix/ ZnO nanoparticles excited using the 266 nm of a Nd-YAG (yttrium aluminum garnet) laser are also measured at room temperature and shown in Figure 16b . For the device with the higher-energy host matrix (PF/PVK), the PL spectra show the emission band in the ZnO band-gap emission (380 nm) with a weak emission band from the host matrix. For the device with the lowerenergy host matrix (P3HT), the PL spectrum shows the decreased ZnO band-gap emission and the strong host matrix emission, which is due to the Förster energy transfer from the higher-energy ZnO to the lower-energy host matrix. Thus, the ZnO EL device with the lower-energy host matrix causes the poor ZnO band-gap emission. 
ZnO QDs for a nanophotonic signal transmission device
Recently, Yatsui et al reported a self-assembly method that aligns nanometer-sized QDs into a straight line. Photonic signals can be transmitted along the QD line by near-field optical effects. This section was developed based on their report [144] . Innovations in optical technology are required for continued development of information processing systems. One potential innovation, the increased integration of photonic devices, requires a reduction in both the size of the devices and the amount of heat they generate. Chains of closely spaced metal nanoparticles that can convert the optical mode into nonradiating surface plasmonic waves have been proposed as a way to meet these requirements. [142, 143] ZnO QDs were bound electrostatically to DNA to form a onedimensional QD chain. The photoluminescence intensity under parallel polarization excitation along the QDs chain was much greater than under perpendicular polarization excitation, indicating an efficient signal transmission along the QD chain. As optical nearfield energy can transmit through the resonant energy level, nanophotonic signal www.intechopen.com transmission (NST) devices have a number of potential applications, such as wavelength division multiplexing using QDs of different sizes. [144] To observe the optical properties of the NST, they stretched and straightened the QDimmobilized DNA on the silicon substrate using the molecular combing technique ( Figure  17a ). [145] First, the silicon substrate was terminated with the silane coupling agent so that the anionic DNA was adsorbed on the cationic silicon substrate. Second, the solution including the DNA and the QDs was dropped onto the cationic silicon substrate. Finally, the glass substrate was slid over the droplet. To check the alignment of DNA-QDs alignment, they obtained an emission image of the cyanine dye attached to the DNA using its 540 nm emission peak under halogen lamp illumination. As shown in the optical image taken with a charge-coupled device camera (Figure 17b ), the DNA with QDs stretched in the direction determined by the slide direction of the glass substrate; also, these stretched DNA were found to be isolated. Using the linearly aligned ZnO QDs, they evaluated the PL polarization dependence. A fourthharmonic of a Q-switched Nd:YAG laser (neodymium-doped yttrium aluminum garnet; Nd:Y 3 Al 5 O 12 laser, λ=266 nm) with a spot size of approximately 2 mm was used to excite the ZnO QDs at various polarization angles (Figure 18a ). From the polarization dependence of the PL at a wavelength of 350 nm (Figure 18b ), corresponding to the ground state of 5 nm ZnO QDs, stronger PL emission was obtained by exciting the parallel polarization along the QD chains (E 0 ) than was obtained under the perpendicular polarization (E 90 ; Figure 18c ). Since the decay time of ZnO QDs is more than 20 times longer than the energy transfer time to adjacent QDs, [146] it is possible that the dipoles between adjacent QDs were coupled by an optical near-field interaction, indicating that the signals were transmitted through the QD chain. Furthermore, QD chains have great dipolar www.intechopen.com strength (see the inset of Figure 18c ) that can be realized when the QDs are coherently coupled. [147, 148] If M QDs are coherently coupled and the coherent length along the z-axis is N times greater than that along the x-axis, the equivalent total dipolar strength is given by Me×d (E 90 ; see Figure 18d ) and Me×Nd (E 0 ; see Figure 18e ), where e is the electrical charge excited in the QD and d is the coherent length along the x-axis, which is equivalent to the width of the QD chain. The resulting emission intensities are (Me×d) 2 and (Me×Nd) 2 for E 90 and E 0 , respectively. Therefore, we obtained N 2 times greater PL intensity with E 0 than with E 90 . The polarization-dependent PL from the QD chain revealed that the coherent length along the QDs chain was 150 nm, indicating efficient signal transmission through the QD chain.
As optical near-field energy can transmit through the resonant energy level, NST devices have a number of potential applications, such as wavelength division multiplexing using QDs of different sizes.
Summary
This chapter describes most of the synthetic methods for synthesis of ZnO QDs. They are frequently used and experimentally demonstrated to be effective on synthesis of ZnO QDs. This chapter also clearly shows that the formation of ZnO superlattices in solution does not result from a kinetic condensation of particles but from a thermodynamic equilibrium. This may be compared to a molecular crystallization process in which an increase in concentration leads to generation of crystals whereas dilution leads to dissolution of them. The system is indeed complex, since several species are involved in the stabilization of the ZnO nanoparticles, and that these species are in thermodynamic equilibrium. Furthermore, we described in detail the origin of UV PL in ZnO QDs, discussing recombination of confined excitons or surface-bound acceptor-exciton complexes, a PL peak with a blue shift of 0.16 eV has been observed in the PL spectrum, showing good size uniformity of nanocrystals. The band gap has also been verified in the analysis of I-V characteristics of an ITO/ZnO/SiO 2 /Al structure, high bias, holes or electrons may tunnel through the ZnO nanodot layer and contribute an appreciable current that follows the Fowler-Nordheim (FN) tunneling equation, from which the band alignment of the ZnO nanodots on ITO has been determined. This work demonstrates an efficient synthesis of nanodots and an easy approach to studying physical properties of nanocrystals that will help the material optimization in device application. This chapter also outlines the application of ZnO QDs optoelectronic property, such as EL and NST device. The results described in this chapter are important for the future development of ZnO technology and optoelectronic applications.
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